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Summary 

The feasibility of optical methods of recording a digital television signal in real- 
time depends inter-alia on the successful development of devices for modulating and 
deflecting laser beams. For recording using the holographic approach, these devices must 
be able to handle many data channels in parallel and be optically efficient. Various 
methods have been investigated, and the more promising solutions are examined here in 
more detail It is concluded that a solid-state digital light deflector together with a 
PLZT page composer could, with some further development, meet the basic recording 
requirements for digital television signals. For replay, an acousto-optic deflector of 
modest resolving power is eminently suitable. 
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symbols 

= no. of modulator beams 

= exposure interval (dwell time) 

= access time in deflector 

= focal length 

= spatial frequency (cycles/mm) 

= relative velocity 

= velocity of acoustic w/aves 

= coefficients (j = 1, 2, etc.) 

= angle of incidence 

= 1st order diffraction angle 

= w/idth of deflector aperture 

= optical wavelength 

= hologram spot diameter (effective) 

= bandwidth (Hz) 

= crystal length 

= scan length 

= prism spacing 

= angular range of deflector 

= angular velocity of scan 

= refractive indices 

= coefficients 

= no. of stages in digital light deflector 

= voltage 

= half-wave voltage 

= switching rate (transitions/sec.) 

= angular separation produced by Wollaston prism 

in jth stage 

= Wollaston prism angle in jth stage 

= separation of electroded faces 

= crystal axes 

= phase retardation 

= electric field (Volts/metre) 

= no, of resolvable spots 

= fraction of incident light not switched 

= light intensity 

= dielectric charge field 

= acoustic-wave power 

= electro-optic coefficient 

= strain contribution to electro-optic coefficient 

= angular frequency (radians/sec.) 

= ratio of stored to lost energy per half cycle 



1. Introduction 

The potentialities of digital recording systems based on 
optical methods are such that an increase in packing density 
(bits/unit area) of nearly two orders of magnitude is 
possible, as compared Wirth that so far achieved with 
magnetic recording techniques. The impetus for these 
optical developments has come from the growing need for 
computer data banks of large capacity providing rapid access 
to blocks of information. A comprehensive review of the 
state-of-the-art in optical methods of data storage has 
recently been published by Chen and Zook. 



The possibility of constructing an optical recorder for 
the storage of digital television signals in real-time was 
investigated prior to 1970. Later, the possible application 
of holographic techniques to construct a digital television 
recorder was envisaged, making use of the highly coherent 
properties of a laser beam. However, it was clear that the 
sophisticated optical devices required to exploit the holo- 
graphic concept fully, at the high information transfer rate 
associated with digital television signals, were yet to be 
developed. It was necessary to think initially in terms of 
compromise arrangements, such as serially recording rela- 
tively small holograms arranged in suitable patterns. The 
general characteristics and feasibility of recording such 
micro-hologram arrays on photographic film were assessed 
and formed the subject of a previous report. 

Work has continued with the aim of setting-up an 
experimental real-time digital recording and replay system, 
in order to evaluate further the potential of the holo- 
graphic approach. Two optical devices, which are crucial 
to the success of the project, are a hologram page-composer 
and a laser-beam deflector, both capable of handling up to 
fifty independent beams of light simultaneously. The 
purpose of this report is to present the characteristics of 
selected methods of modulation and of deflection which, 
it is believed, can provide a feasible solution to the problem. 
From this study and from experimental measurements on 
samples of suitable materials, it is suggested how devices 
could be constructed which would form the basis of an 
experimental system with relatively modest performance 
objectives. 



2. System objectives 

Before discussing page composers and deflectors, it 
seems appropriate to outline a possible recording system 
and prescribe some performance objectives. This will give 
some indication of the task required of the devices to be 
discussed in this report. One such arrangement is shown 
in Fig. 1; where the principal components of the record 
process (Fig. Ma)) and the replay process (Fig. ^{b)) are 
presented schematically. The general format structure of 
the recorded hologram array envisaged is shown in Fig. 1 (c). 

In the record process, the output beam of a continuous 
wave laser is formed into an array of parallel beams that are 
then directed through a multiport modulator arrangement. 
Each beam can be considered as a 'digit' beam, and the 
purpose of the modulator is to switch the state of the digit 
beams (i.e. 'on' or 'off') in accord with incoming binary 
data;* if there are M beams, then M switching ports are 

"The incoming data (assumed serial) would be demultiplexed, 
assembled in small buffer stores, and the modulator ports set 
simultaneously at clocked intervals. 
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Fig. 1 - Basic system arrangement 
(a) Record process (b) Replay process (c) Recorded hologram format 



required in the modulator (or M modulators) each indepen- 
dently addressed. The array of beams emerging from the 
modulator at any one instant corresponds to one 'page' of 
the incoming digital data. This multiport device is known 
as the hologram page-composer or simply the page composer. 
A stronger reference beam is then combined with the 
parallel array of beams emerging from the page composer 
and the whole passed through a deflector before being 
brought to a focus by a lens on to the recording medium. 
The focused spot exposes the recording medium and forms 
a micro-hologram of the composed 'page' of information. 
Before the exposure of the next hologram (containing the 
next 'page' of data to be recorded) the deflection angle for 
the array of beams is changed so that the focused spot is 
directed to the next site. Although various formats are 
possible, it is convenient to think of a straightforward 
sequential exposure of individual holograms with centres on 
a line running across the film, i.e. approximately orthogonal 
to the film motion. The recording of the next line of 
holograms is begun when the deflection has completed one 
scan cycle, during which time the film has advanced by an 
appropriate distance to avoid the holograms overlapping 
with those of the previous line. 

In the replay process, a laser beam passes through a 
deflector and is focused on the film such that the spot is 



about the same size as the recorded holograms and is syn- 
chronised so that each line of holograms is consecutively 
scanned. The reconstructed image of the original page of 
data appears, on the far side of the film (assuming trans- 
mission holograms), as the interrogating beam passes over a 
hologram. An array of photodetectors, relatively spaced to 
correspond with the geometrical pattern of the original 
page, is placed so as to intercept the reconstructed image. 
The output of a given detector should then correspond 
precisely with the original input data fed to that particular 
position in the page. 

From previous experiments, and an analysis of avail- 
able information, it was estimated that components could 
be developed which would permit a recording and replay 
experiment to be set up with the following basic specifi- 
cation:— 

1. A reel-to-reel system using unperforated 8 mm or 16 
mm high-resolution film. 

2. Continuous motion of the film past the recording 
and replay stages at a speed less than 1 metre/sec. 

3. No moving parts except for the continuous film trans- 
port. 
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transfer rate 10^ bits/sec 
optical efficiency 10 % 
loser output 10 mW 
pocking efficiency 15% 
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Fig. 2 - Basic system parameters 

(a) Record process: film requirements as a function of storage 
density 

(b) Record process: exposure interval and maximum switching 
time as a function of number of bits per hologram 

(c) Replay process: reconstructed image power as a function of 
number of bits per hologram 



4. 



6. 
7. 



An average information storage density greater than 
10* bits/cm^. 

An information transfer rate of 10* bits/sec. in both 
the recording and replay modes. 

Laser radiation powers less than 10~^ Watts. 

Recording system aperture //2-8 (f = focal length). 

Reconstruction signal-to-noise ratios better than 20 
dB. 



Figure 2 illustrates the typical relationships which 
exist between some of the system parameters. In Fig. 2(a) 
the film sensitivity* and resolution required are shown as a 
function of storage density, assuming the particular con- 
ditions stated in the Figure. 



* For amplitude holograms using photographic film, the sensitivity 
required is that which will give an optical density of 0-6 above base 
with appropriate development, after making allowance for any 
reciprocity failure due to short exposure times (— 10"~ sees.). 
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The period available for hologram exposure and the 
maximum switching times available for both the page 
composer and the deflector stages are, for a given transfer 
rate, directly proportional to the number of bits per holo- 
gram; this is shown in Fig. 2{b). If it is assumed that a 
continuous-wave laser system is used and that the maximum 
available intensity is maintained for 80% of the hologram 
exposure interval, then the maximum switching times (rise 
and fall times) required are indicated by the R.H. scale in 
Fig. 2{b). 

Fig. 2(c) refers to the replay process and shows, for 
both amplitude-type holograms and phase-type holograms, 
the optical radiation power available (for the 'on' state) in 
each digit-beam of the reconstructed image, as a function of 
the number of bits per hologram; the plots assume a laser 
primary output power of lO^^W and a system efficiency of 
10% (to allow for losses in the scanning arrangement and 
non-linear effects in the recording medium). 

The spot holograms referred to in this report are 
assumed to be two-dimensional and of the 'on-axis' or 'base- 
band' type (making use of spectral interleaving to avoid 
crosstalk when simultaneously exposed) as opposed to the 
more usual 'off-axis' or 'carrier' type. The latter type 
requires at least twice the system bandwidth* than the 
former, for a given data storage density. 

The advantages of the holographic concept are best 
exploited by using holograms with the largest possible area 
but, if constant storage density is to be maintained, this 
means increasing the number of bits per recorded hologram; 
as will be seen from Fig. 2{b), this has also the advantage 
of relaxing the switching requirements of the page-composer 
and deflector stages. On the other hand, the page-com- 
poser then requires a larger number of switching ports, each 
capable of bring independently but simultaneously driven. 
Moreover, in the replay process, the optical power available 
for the photodetection of each reconstructed digit-beam 
varies inversely with the number of bits per hologram. This 
would not matter if the only 'noise' appearing at the output 
of each detector in the array were due to photon noise in 
the digit beam and/or 'shot' noise in the detector, because 
this problem could be overcome by increasing the incident 
laser power. Unfortunately a large contribution to the 
'noise' at a detector output is expected to arise from the 
background scatter of laser light due to the granularity and 
surface defects of the recording medium, and these scatter 
levels increase directly with the incident power of the recon- 
struction laser-beam; thus the noise level tends to increase 
with the output signal. 

Previous experiments using amplitude-type micro- 
holograms, recorded on holographic film, have indicated 
that at storage densities of about 10* bits/cm^ it would be 
feasible to use up to 50 bits per hologram and still maintain 
a signal-to-background-noise ratio adequate for decoding 



'System bandwidth may be defined here as the maximum spatial 
frequency (cycles/mm) of any intensity (or phase) modulated 
component which represents wanted information within the holo- 
gram. 



with low error rates. Larger capacity holograms, perhaps 
containing several hundred bits, are believed to be feasible 
with thin phase-type holograms. 

It may be seen from Fig. 2{b) that, for 50-bit holo- 
grams, the maximum switching times required of the ports 
in the page composer and of the deflector stages are of the 
order of 100 ns, with holograms exposure intervals of 500 
ns, i.e. at a maximum switching rate of 2 x 10* transitions 
per second. 

In order to achieve an average storage density of 10* 
bits/cm^, the area occupied by a 60-bit hologram cannot be 
greater than about 5 x 10~^ cm^ which, assuming holo- 
grams of circular form, corresponds to a hologram diameter 
of about 60 microns. Further, assuming 60 microns also 
to be the minimum spacing between the holograms in the 
recorded array, it is necessary to write at least 120 holo- 
grams across the film in order to keep the film transport 
velocity below Im/sec. Thus the deflectors for recording 
and replay need to be single-axis types with resolutions of 
at least 120 spots, and with effective transverse scan 
velocities of 2 spots per microsecond. Various modifica- 
tions are possible by choosing elliptical shapes for the 
hologram spot, or even one-dimensional holograms. These 
arrangements amount to making greater demands with 
respect to the maximum spatial frequency (system band- 
width), required in one direction and less in an orthogonal 
direction. Although practical limitations may favour the 
adoption of some asymmetrical arrangements, it is apparent 
that the symmetrical two-dimensional hologram affords the 
greatest packing density for a given maximum film resolu- 
tion or system bandwidth. 



3. Light-beam deflection 

3.1. General considerations 

3.1.1. Recording 

There are three basic approaches to the problem of 
deflecting laser beams in a regular scanning mode in order 
to record a line of holograms. One method is to produce a 
continuous angular deflection of the beams, e.g. by a rotat- 
ing mirror, and to operate an exposing shutter at regular 
intervals to obtain a succession of hologram exposures. 
The second is to cause the hologram spot to dwell at one 
location for most of the exposure interval and then jump 
rapidly to an adjacent site; no exposing shutter is necessary 
if the ratio of dwell time to jump time is sufficiently great. 
The third method is similar to the second in that the spot 
dwells at each location, but the beam intensity fades rapidly 
at one location and simultaneously increases at an adjacent 
site. Thus, in this latter method, there is no relative motion 
whatsoever between the spot and the recording medium 
along the deflection axis. It should be noted that, for a 
continuous film-transport system, there is always relative 
movement of the hologram exposing radiation with respect 
to the film in the direction of the film motion. The move- 
ment in this direction, however, is very slow compared to 
that along the transverse deflection axis; for example, in 
the 50-bit system outlined in Section 2, the deflection-axis 
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speed is 120 m/sec. compared with Im/sec. approximately 
for the film transport. 

Relative motion between the hologram exposing 
radiation and the recording medium can result in a blurring 
of some of the high-frequency interference structures in 
the recorded hologram, giving rise to a corresponding 
weakening of some of the reconstructed images. Letp^^gj^ 
be the highest spatial frequency component of the hologram 
in the direction of a relative velocity v between the exposing 
radiation and the recording medium. Then the relation 
between the permissible exposure time T^ and the spatial 
frequency is of the form 



■Ti ^^fPrnax*^) 



(11 



where k h a coefficient depending on the reduction of 
modulation depth, due to blurring, which can be tolerated. 
For a constant radiation intensity during the exposure 
interval, it can be shown that the modulation depth is 
depressed by the factor* sinc(iTfc). Thus for sinc(iTfc) = 0-9, 
i.e. for a 10% reduction in modulation depth, k = 0-2B 
approximately. In the system under consideration, using 
60 micron diameter 50-bit holograms, Prnax ~ ^00 cycles/ 
mm, V = 0-94 m/sec. in the film motion direction and v = 
120 m/sec. along the deflection axis. Substituting these 
values in Equation (1 ), we find that the 'blurring' limits for 
the exposure interval in this case would be 880 ns for the 
film motion direction but only 7 ns for the transverse 
deflection. It is cJear^ therefore, that to use a continuous 
method of deflection with the exposing radiation moving at 
a uniform rate, pulsed operation of the laser source would 
be necessary, the pulses being less than 10 ns duration and 
having a repetition rate of 2 MHz. 

The alternative deflection methods, which allow the 
exposing hologram radiation to dwell at each location, over- 
come the blurring problem in the direction of deflection. 
Moreover, if the hologram exposure interval is approxi- 
mately 500 ns, there will be only a small reduction in 
modulation depth in the film-motion direction even without 
shuttering. This is convenient because a continuous-wave 
laser source can then be used efficiently. 

Crosstalk between holograms in the recorded pattern 
is another problem that can be worsened by the limitations 
in the performance of the deflector. In continuous deflec- 
tion systems, spatial overlapping of holograms can be caused 
by non-linearity of the scan and/or perturbations in the 
regularity of the exposure periods. In the other deflection 
methods, slow transitions between successive locations, or 
the inability to deflect all the exposing radiation to succes- 
sive locations, can result in the contamination of a hologram 
site with information intended for neighbouring sites. The 
general effect of crosstalk will be to mar the quality of the 
reconstructed images and thus increase the probability of 
detection errors. 

3.1.2. Replay 

In the replay mode, a single unmodulated laser beam 

* sinc(rrA:) =sin {nk)/nlc. 



is focused on the recording and then caused to scan each 
line of holograms in turn. Because of the properties of 
Fourier transform holograms, the quality of the recon- 
structed image is not affected by any movement of the 
interrogating reference beam across the hologram. Thus, 
in principle, any form of single-axis deflection having 
sufficiently good resolution could be used for replay. 

The principal problem is to track the interrogating 
beam so that it scans over the hologram centres and keeps 
sufficiently well in register. It may be necessary for high- 
density recordings, using small-diameter holograms, to pro- 
vide a closed-loop feedback arrangement in the replay 
system to maintain adequate tracking. This might well 
make use of an additional (low resolution) deflector, 
operating in the direction of film motion over a small 
angular range. 

3.2. Principles of non-mechanical deflectors 

Leaving aside rotating mirrors, and other well-known 
mechanical devices that have vibrating or moving com- 
ponents, there are two other types of deflector emerging 
as practical contenders for use with visible laser radiation. 
These are known as acousto-optic and electro-optic de- 

7 

flectors respectively. Several versions of these have been 
reviewed elsewhere. ' 

3.2.1. Acousto-optic methods 

In the acousto-optic type of deflector, an acoustic 
wave generated by a suitable ultrasonic transducer is propa- 
gated through a slab of glass or crystal, as indicated in Fig. 
3(a). This compressional wave creates a periodic structure 
of varying refractive index within the medium; the index is 
greatest at the instantaneous peaks of the compressional 
wave and least at the troughs. A coherent light beam, 
traversing the slab almost at right angles to the acoustical 
wave, emerges from the medium with a systematic pertur- 
bation of phase over its wavefront in the direction of the 
acoustic wave. The maximum excursion of the phase 
perturbation is proportional to the length of the interaction 
path traversed and the variation of refractive index induced, 
the latter being a function of the acoustical power propa- 
gating through the medium. If the parameters are adjusted 
so that a phase excursion of 180° is created in the emerging 
wavefront, and the acoustical wavelength is small compared 
with the dimensions of the laser beam, then a grating-like 
diffraction effect is produced. The light energy is concen- 
trated by this diffraction process at a number of angular 
directions, corresponding to the orders of the grating. 
These angular directions are in fact directly proportional to 
the frequency of the acoustic wave, and it is this linear 
relation which makes the principle so attractive for a de- 
flector; thus scanning can be achieved by frequency 
modulating the acoustic wave. 

To obtain an efficient practical device, use is made of 
the Bragg effect which occurs when there is a long inter- 
action path and the beam is slightly inclined to the acoustic 
wavefront, as shown in Fig. 3(b). Calling the incident angle 
9 and the 1st order angles of diffraction ±\p, the Bragg angle 
condition occurs when 9 = \^/2\; the emerging light can 
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then be suppressed in all orders except the positive first 
order,* where it is in fact concentrated. 

In a practical device the angle 4' of the emerging beam 
is varying with the frequency of the acoustical wave, and 
because the Bragg angle condition can only be precisely 
satisfied for one particular emergent angle (i// = 26) the 
optical efficiency would vary significantly over the deflec- 
tion range. To avoid this limitation, Korpel ^ proposed 
synthesising an acoustic wavefront in the medium which, in 
effect, progressively tilts towards the incident beam as the 
scanning frequency increases. This was achieved by using 
a number of ultrasonic transducers spread over the optical 
path length, as shown in Fig. 3(c). The individual trans- 
ducers are physically stepped by one-half of the acoustic 
wavelength corresponding to the mid-frequency of the 
range necessary to provide the scan. Alternate transducers 
are driven in antiphase so that, at the mid-frequency, the 
acoustic wavefront is parallel to the transducer faces. At 
other frequencies, however, the mean acoustic wavefront is 
slightly tilted and helps to maintain the Bragg-angle con- 
dition. 

Another limitation to the angular range of deflection 
is due to the acoustic absorbtion of the medium. This gives 
rise to a non-uniformity of acoustic power over the aperture 
(and hence non-uniform phase excursion). The effect 
limits the maximum frequency of the ultrasonic wave which 
can be used for a given aperture and medium. 

One factor which determines the number of resolvable 
positions obtainable from the deflector is its effective 
aperture in the direction of scan. If the laser beam emerg- 
ing from the deflector is brought to a focus with a perfect 
lens, then the diameter of the diffraction limited spot, h, is 
given by 



h^k^fkcT' 



(2) 



where / = focal length of lens 

X= laser radiation wavelength 

£?= width of deflector aperture (in scanning plane) 

The coefficient k^, depends on the aperture shape, the in- 
tensity distribution of the laser beam across the aperture, 
and on the criterion used to measure the spot size. For 
example, using the Rayleigh criterion associated with a 
uniform distribution of intensity over a circular aperture, 
^1 = 1"22. 

The angular range of the deflector, a, is set by the 
range of input frequencies, i.e. by the driver bandwidth, B. 
The relation is 



a ^ \Bv , 



(3) 



where v^ is the volocity of the acoustic wave in the 
medium. 



The number of spots, R, that can be resolved within the 
deflection range is (fa/h), which from Equations (2) and (3) 
can be expressed by 



R^Bdik^vJ- 



(4(a)) 



It should be noticed from Equation (4(a)) that the number 
of resolvable spots is independent of the wavelength, X, of 
the laser radiation. Another important parameter is the 
speed of response of the deflector, and this can be specified 
by the minimum time taken to deflect the spot from one 
position to any other in the scan. The minimum time 
taken to do this is equal to the time taken for an acoustic 
wavefront to cross the effective aperture (the latter may, in 
practice, be determined by the laser-beam diameter). Thus, 
the so called 'access time', t^, of the deflector is equal to 
dv~^ , and substituting in Equation (4(a)) we obtain for the 
number of resolvable positions 



R 



■Br^k- 



(4(b)) 



Continuous regular scanning, line-by-line, is achieved by a 
linear increase, during the forward scan, in the input r.f. 
drive frequency with time;* during the fly-back period the 
initial frequency is re-established before the commencement 
of the next scan. It is clear that during the forward scan 
the travelling wave-structure within the interaction aperture 
has a linear frequency-gradation, AS, which is a function of 
the angular scan velocity co^ and the effective width of the 
aperture d. The relationship is 



AS = oo^d\- 



(5) 



At high scan-velocities, the frequency gradation significantly 
upsets the collimation of the emerging laser beam (in the 
direction of the acoustic wave propagation). Consequently, 
if a spherical lens of focal length, /, is used to focus the 
emerging beam under static conditions (AS = 0) the focused 
spot will be elongated during the scan. If the application is 
such that the scan velocity can be kept constant, then this 
asymmetrical defocusing effect can be compensated by 
inserting a cylindrical lens of the correct power in the 
emerging beam. The focal length, /(,, required is 



/c = ±''m"s 



(6) 



The correct sign in Equation (6) depends on the relative 
directions of the acoustic wave propagation and the scan. 
Clearly, if cylindrical lens compensation is applied to the 
forward scan, spot elongation during the fly-back period 
will occur due to the reverse sign requirement as well as to 
the increased scan rate. 

Lead molybdate (PbMoO^), grown as a single crystal, 
is a useful medium with a high figure of merit for acoustic- 
optic deflectors. More recently, high-index glasses have 
been used; these are less expensive than crystals and gener- 
ally have better optical quality. These materials can be 



Because of the mirror symmetry of the emerging and incident 
beams with respect to the acoustic wavefront, this condition is 
often termed Br^g 'reflection' rather than 'diffraction'. 



* The problems associated with wide-band r.f. drivers for an 
acoustic-optic cell, operating in the v.h.f. range, were examined 
by I. Childs in a previous Research Report. 
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used in the v.h.f. range of frequencies with bandwidths up 
to 150 MHz. By suitable matching and construction, 
devices with up to 10^ spot resolution and with deflection 
efficiencies greater than 50% have been produced. The 
ultrasonic transducers are thin plates of either lithium 
niobate or PZT ceramic, and these are bonded to the side of 
the interaction medium (Fig. 3). Careful broad-band 
matching of the transducer impedance to the r.f. drive 
circuit is essential. 

3.2.2. Electro-optic methods 

Electro-optic deflectors are based on the small 
changes in refractive index which can be induced in various 
media by an applied electric field. In some materials a 
significant birefringence is induced and this forms the basis 
of a class of devices for controlling the polarisation charac- 
teristics of a light beam. In general, the electro-optic effect 
can be described by an equation of the form. 



n^+oE + bE'^ + . 



(7) 



Where n is the refractive index, E is the applied electric 
field, a and b are coefficients depending on the medium, 
and Wq is the refractive index with no field applied. In 
most transparent materials, the coefficients a and b are 
exceedingly small so that the electric field has to be corres- 
pondingly large to produce any significant effect. In a 
ferroelectric material the electro-optic effect usually be- 
comes much stronger near the Curie temperature. 

Equation (7) indicates the possibility of a linear effect 
when c^b, and a quadratic effect when b'^a or a = 0. The 
quadratic effect (known as the Kerr effect) occurs in 
liquids and some isotropic solids, where a = 0. The linear 
effect (or Pockells effect) is achieved in some anisotropic 
crystals where the coefficient a is dominant. Terms of 
higher order than the second can usually be neglected. 

An example of the direct application of the electro- 
optic effect to produce a continuous or analogue deflector 
is shown in Fig. 4(a), where the deflection medium is a 
transparent crystal suitably cut in the form of a simple 
isosceles prism. Due to the linear (Pockells) effect, a 
voltage applied between electrodes on opposite sides of the 
prism alters the refractive index and hence the angle of 
emergence of a light beam (suitably polarised with respect 
to the field). It can be shown that maximum sensitivity 
occurs when the light beam travels parallel to the base with- 
in the crystal and that the number of resolvable positions is 
proportional to the base length of the prism. Electro-optic 
materials capable of being grown with good optical quality 
are required for constructing such prisms. The most 
popular of these are the tetragonal (42m point classifica- 
tion) crystals of potassium dihydrogen phosphate (KH^ PO^ ) 
known as KDP, and the more sensitive deuterated version 
KD*P. The sensitivity of these materials, however, only 
permits resolutions of several spots per centimetre of prism 
base length to be obtained. To increase the resolution it is 
necessary to cascade prisms in such a manner as to add the 
induced deflections while balancing out passive angular 
deviation. 



An alternative approach is to combine a passive 
deflecting element with an electro-optic polarisation switch, 
as shown in Fig. A(b). Here the actual beam deflection is 
carried-out by means of a uniaxial crystal, such as calcite, 
cut so that the emerging components are laterally displaced. 
Which path the light takes depends on the direction of 
polarisation of the beam incident on the crystal and this 
direction is controlled by the electro-optic polarisation 
switch. (Fig. A[b).) The latter is a cell which rotates the 
plane of polarisation of a transmitted light beam through 
90° when a certain voltage, V^, is applied between two 
electrodes attached to the cell. 

The basic pair of elements in Fig. A(b) comprise one 
deflection stage which is essentially binary in operation, 
owing to the two alternative transmission paths available. 
A full deflector of this type, known as a digital light de- 
flector, comprises N of these binary stages in tandem. The 
deflecting element in each stage is constructed to give twice 
the lateral deflection of that obtained in the preceding 
stage, as indicated in Fig. 4(c). Clearly, the total number 
of possible output positions is 2^, and these can be 
arranged either as a rectangular array or as a line array. 
(A more detailed examination of the digital light deflector 
is given in Section 3.3). 

Either the quadratic (Kerr) effect or the linear 
(Pockells) effect can be used to operate the electro-optic 
polarisation switches, as only two fixed polarisation states 
are required in this application. With no voltage applied, 
an incident light beam which is plane polarised remains 
unchanged after passing through the cell. On application 
of a voltage V^ a birefringence is established in the cell 
such that a phase difference of tt radians is introduced 
between the ordinary and extraordinary wave components. 
As a result, an incident light beam polarised at 45° to the 
induced birefringent axes has its polarisation rotated by 
90° on emergence. (See Section 3.3.2). 

The voltage V^, known as the half-wave voltage, varies 
between a few hundred volts and tens of kilovolts depend- 
ing on the material and the dimensions of the cell. If the 
quadratic (Kerr) effect is used, as in a nitrobenzene liquid 
cell for example, the phase difference introduced is propor- 
tional to the square of the applied voltage. The effective 
value of the half-wave voltage can then be reduced, in 
principle, by biasing the cell with a fixed voltage V^ and 
working between K^ and f^(j+„). 

3.3. The digital light deflector 

This device, which was briefly described in the pre- 
vious section, is attractive for the particular hologram 
recording system envisaged. The digital light deflector is 
capable of directing a laser beam (or an array of beams) 
through a total of 2r separate output positions by cascading 
A^similar stages and it has the following intrinsic advantages: 

(a) it is binary in concept and operation; each output 
position can be selected by a single A^-bit address. 

(b) The geometry of the output positions is fixed rigidly 
by the prismatic construction of the passive optical 
elements. 
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Fig. 4 - Electro-optic deflection 
(a\ analogue method using an electro-optic crystal prism 
[b] digital arrangement combining an electro-optic polarisation switch with a passive birefringent crystal 
(c) tandem arrangement forming an A'-stage digital deflector 
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Fig. 5 - Digital deflection using Wollaston prisms to give angular separation of beams 
(a) basic arrangement of each stage (i) path structure and output addresses for a 4-stage Wollaston deflector with pj^i = 2& 
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(c) The emerging beam cross-fades from one angular 
position to the next (or any other); thus there is no 
actual motion of the focused spot, relative to the 
recording medium, caused by the deflection process. 

(d) The speed of deflection is limited only by the basic 
properties of the polarisation switches and the elec- 
tronic circuits required to drive them. In a regular 
scanning application there is no flybacl< problem. 

(e) It is non-mechanical in operation. 

The characteristics and construction of digital light deflec- 
tors has been reported in detail elsewhere. '' There 
are significant practical difficulties involved in their con- 
struction and, thus far, their development is only just 
emerging from the laboratory phase. From previous work, 
it would appear that if the application requires only a 
modest deflector capacity (up to 8 stages or 2^ output 
positions, say) and a modest system . aperture (fl2 or 
smaller), the development of an efficient and reliable device 
is feasible. 

There are many parameters, some critical and some 
conflicting, involved in the design of a digital light deflector. 
These have been considered in some detail for the present 
application, which is to deflect a parallel array of 50 digit 
beams, plus a central reference beam, through 2^ discrete 
angular positions in 64 /is, with transition times better than 
100 ns. (See Section 2.) A summary of the principal 
features of a suitable deflector using Wollaston prisms and 
KD*P polarisation switches, including the results of tests 
on experimental switches and prisms, is given below in 
Sections 3.3.1 to 3.3.3.2. 

3.3.1. General characteristics 

A typical stage of the deflector is constructed as 
shown in Fig. 5(a), where the Wollaston prism serves to 
produce an angular separation of )3 between the emerging 
rays. A tandem arrangement of deflection stages, in which 
it is arranged that jS.-^i = 2j3:, gives rise to the path structure 
shown schematically in Fig. 5(5). A 4-stage deflector, as 
indicated in the figure, generates sixteen output positions 
and these have the binary addresses shown in the column 
on the right (a logic '1' indicates a half-wave voltage required 
and a logic '0' no-voltage required). It will be seen, from 
the address column in Fig. 5(5), that if each output position 
is to be occupied consecutively (regular scanning) then the 
logic state of two stages must be changed for each new 
position. The same scan of the sixteen output positions 
can also be obtained using a reversed arrangement of prisms 
in which )3j^^ = V2^-., i.e. with the prism giving the largest 



deviation in the first stage. The binary address sequence 
then has a Gray code characteristic in which the logic state 
of only one of the stages needs to be changed to arrive at 
the next scan position. This reversed arrangement there- 
fore involves the least consumption of driving power, but 
there are optical penalties which are discussed later in this 
report. 

If an irregular scan is acceptable, there are many other 
address sequences possible; referring to Fig. 5(5), for 
example, an address sequence with Gray code characteristics 
is the 'reflected' sequence, 1,16,2,15,3,14 etc. in which the 
output direction swings alternately either side of the system 
axis. 

In a regular scanning arrangement, with )3:^^ = 2j3j, the 
first stage is the fastest and is switching between states at a 
rate 5 = r^"' times per second, where r^ is the dwell time 
allowed at each output position. (In the system under 
consideration t ^ = 500 ns so that 5^ = 2 x 10* switches per 
second.) The switching rate for the jth stage is ^j = 
and thus the drive control-waveforms comprise 



(l-i).,-i 



a synchronously phased set of square-waves with funda- 
mental frequencies given by 2~'r~' (j = 1,2 N] 

respectively. 

The principal optical characteristics of the deflector 
are determined by the number of stages, the total deflection 
angle, the thicknesses and separations of the components, 
and the system aperture. In a Wollaston prism, the angular 
separation of the emerging rays is determined by the prism 
angle and the natural birefringence of the crystalline 
material. For small separation angles, the relationship is 
)3j = 2\(n^ - n^)\A- where n^ and n^ are the ordinary and 
extraordinary refractive indices, respectively, and A- is the 
prism angle (see Fig. 5(a)). However, )3j is not completely 
independent of the angle the incident beam makes with the 
system axis and, further, the ray deviations are not precisely 
symmetrical (i.e. not precisely equal to tVa/Jj). It will be 
seen that the maximum angle of incidence on the prism in 
the jth stage is less than %^-. As a result of these prism 
aberrations (see Reference 14), the uniformity rn the 
angular spacing of the output positions is perturbed. The 
effect is not serious (a few percent) in a low-capacity 
deflector with a total angle of deflection less than 10 
degrees. 

Fig. 6 illustrates the geometry of the output positions 
of an experimental (but incomplete) seven-stage Wollaston 
deflector arrangement; the photographs show an enlarge- 
ment of a multiplicity of holograms (s 60 )um diameter) 
formed by passing 38 parallel beams and a reference beam 
through the deflector with the polarisation switches replaced 






. .V. ■^-'-■s ■ 






Fig. 6 - The array of holo- 
grams obtained with an 
experimental (but incom- 
plete) 7-stage Wollaston 

deflector 
[a) 5th stage prism omitted 
(i) 1st and 5th st^e prisms 
omitted 
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by circular polarisers so that all the output positions are 
simultaneously illuminated. Fig. 6(a) shows the array 
formed with the 5th stage prism omitted and Fig. 6(b) 
with the 1st and 5th stage prisms omitted. 

Another optical feature of prism deflectors is known 
as the 'walk-off problem. Not only do the extreme angles 
of incidence increase as a ray progresses through the 
deflector but there is a lateral displacement of the ray from 
the system axis. This does not affect the geometry of the 
output positions in a Wollaston deflector, because the 
beams are collimated during transit and then finally brought 
to a focus with an external lens. It can, however, signifi- 
cantly increase the minimum required aperture of the final 
stages, and of the focusing lens, in the direction of deflec- 
tion. The degree of 'walk-off is a function of the total 
deflection angle, the number and arrangement of stages and 
the separation between the centres of the Wollaston prisms. 
Assuming a common prism spacing, / (including that of 
the final lens) the minimum system aperture is increased by 
an amount less than 2lpjif^ (/3|^ in radians) for the arrange- 
ment ji■^■^ = 2/3: (Fig. 5(b)). Clearly, the last stages con- 
tribute most to the 'walk off effect so the design should 
aim to minimise the physical separation of the final prisms 
and focusing lens. 

3.3.2. Polarisation switches 

The most difficult problems arise with the design 
and construction of the polarisation switches, especially if 
the switching rates are in the megahertz region and the rise 
and fall times are to be less than 200 ns, as in the present 
requirement. This is true whether or not the electro-optic 
cells are constructed using liquids such as nitrobenzene or 
uniaxial crystals such as KD*P.^ ^ It seemed that the latter 
electro-optic material was the most promising for the 
present application, even if not the one with the best figure 
of merit. More importantly, KD*P is commercially avail- 
able in strain-free optical quality at a price which is not 
prohibitive. 



The characteristics of a basal section cut from an 
APD (ammonium dihydrogen phosphate) crystal, and its 
use as an electro-optic shutter were examined by Billings. 
More recently KD*P crystals have been grown; this material 
has an identical crystal classification to ADP but its half- 
wave voltage is very much lower (due to the higher Curie 
temperature of KD*P). 



modulator or switch is to use the dependence of on the 
applied field in order to control the polarisation characteris- 
tics of the emerging light. 

The simplest construction of a KD*P polarisation 
switch is shown in Fig. 7(a), where a slab of crystal is cut 
with the optic axis (Z axis) normal to the principal faces, 
and the edges parallel to the X and Y axes. In this 'longi- 
tudinal' type the light is directed along the optic axis, as 
shown, and the electric field is applied in the same direction. 
To achieve this field, the entry and exit faces are coated 
with optically transparent conductors, such as certain forms 
of tin oxide (or metal grids can be used) and these elec- 
troded faces are connected to a high-voltage source via an 
electronic switch. On application of the voltage, the 
ordinary and extraordinary rays propagating in the crystal 
have vibration directions at ±45° to the X (or Y) crystal- 
lographic axis, as indicated in Fig. 7(b) by the induced axes 
X', Y'. Suppose under these conditions, that a plane 
polarised laser beam is directed along the Z-ax\s with its 
electric vector of unit amplitude parallel to the X axis of 
the crystal (Fig. 7(b)). Then, within the crystal, two 
components of amplitude 1/%/2 and vibrating along the 
induced axis X' and Y' respectively, are propagated. If the 
voltage is adjusted so that the total phase retardation 
introduced on traversing the crystal is 180°, (this is equiva- 
lent to writing —'\I\J2 for the amplitude of one component) 
the light is plane-polarised on emergence but its resultant 
electric vector has been rotated through 90°, as shown. 

The induced phase retardation, 0, for a Z-cut longi- 
tudinal modulator is given by 



(l) = 2iT\-'nlr^^El 



(8(a)) 



Where E is the field strength, n^ is the ordinary refractive 
index, r^^ is the appropriate electro-optic coefficient* and 
/ is the crystal thickness in the direction of propagation. 
In terms of the applied voltage V = El. 



4> = 2-nX-^nlr^^V 



(8(b)) 



which shows (a) the linear relation between the phase 
retardation and voltage and (b) that the phase retardation 
is independent of the crystal thickness for a given applied 
voltage. The half-wave voltage, V^, is that required to 
induce a phase retardation of tt radians, which from 
Equation (8(b)) gives 



The optical behaviour of an electro-optic crystal is 
complicated and a full description is beyond the scope of 
this report (see Ref. 16). Basically, a KD*P crystal 
behaves as a negative uniaxial crystal («Q>«g) when there is 
no electric field but becomes biaxial when a field is applied. 
Light propagates within the crystal either as an ordinary 
ray, with its electric vector perpendicular to the optic axis, 
or as an extraordinary ray polarised orthogonally to the 
ordinary ray. In a negative crystal, the phase velocity in 
the direction of propagation is greater for the extraordinary 
component. Thus, in general, there is a phase difference 
or retardation, 0, between the two components on emerging 
from the crystal, and light initially plane-polarised usually 
emerges eliptically polarised. The aim in an electro-optic 



V^=M2nlr^J 



(9) 



Note that the half-wave voltage is directly proportional to 
the optical wavelength. The coefficient r^^ for KD*P is 
approximately 24 x 10~'^ m/F the precise value depending 
on the completeness of the deuteration and the way the 
crystal is mounted or clamped. Typically, for an optical 
wavelength of 633 nm, V^ lies in the region of 4-5 kV. 

* The electro-optic effect in crystals Is a function of the direction 
of the applied field relative to the axes of symmetry. In general, 
a matrix of electro-optic coefficients ry are required to completely 
specify the effects. The suffix '63', attached to the coefficients, 
denotes the position of the element in a commonly-used matrix 
specification. 
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Fig. 7 - Longitudinal design of KD *P polarisation switcii 
(a) basic construction (b) electric vector diagram with half-wave voltage applied 
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Fig. 8 - A transverse design of KD *P polarisation switcti 
[b) temperature compensated arrangement using matcined pair of crystals witin their Z-axes crossed 
/ / / / electroded faces 



Fig. 8 shows the construction of a 'transverse' type of 
phase modulator which could also be used to form a polaris- 
ation switch for the deflector. In this arrangement (Fig. 
8(a)) the electric field is applied in the Z-axis direction, as 
before, but the light propagates parallel to the (XY) plane 
at 45° to the X axis, and is therefore orthogonal to the 
electric field. The formula for the retardation of a single 
crystal of length / in the direction of propagation is then 



= 27rX-i[(« 



n,)^V.nlr^^El\ 



(10(a)) 



which is similar to that for the longitudinal arrangement 
(Equation 8(a)) except for the natural birefringent term 
(rtg - rtg). Because the birefringent term is large and 
temperature dependent, it is necessary to cancel its effect 



by using a second crystal of identical length, /, orientated 
as shown in Fig. 8(ft). The ordinary ray, in the first crystal 
becomes the extraordinary ray in the second, and vice- 
versa; the principle is shown in Fig. 8(ft). The total 
retardation of the composite crystal is, after substituting 
-£'= Fw~' , where w is the separation of the electroded faces. 



s = 2-n\-^nlr^Jlvr^ 



and the corresponding half-wave voltage is 



f^. = M2«0'-63) 



'wr^ 



(10(b)) 



(11) 



Thus the advantage of a transverse design, in principle, is 
that the half-wave voltage can be reduced by increasing the 
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crystal length and/or reducing the electrode separation i.e. 
the aperture. However, in practice, composite crystal 
lengths greater than about 60 mm tend to be thermally 
unstable, so that for large aperture (20—30 mm) applica- 
tions the possible reduction in half-wave voltage is not 
dramatic. Moreover, the crystal volume is then large. An 
important advantage of a transverse crystal design, especially 
for deflectors, is that the light does not pass through the 
electrode structures. This leads to a significant increase in 
the overall transmission of a multi-stage device, because 
there are no absorption losses at the crystal faces. 

There are a number of design difficulties associated 
with crystal polarisation switches, and these need careful 
consideration if an efficient deflector is to be constructed. 
The principal problems are discussed below in Sections 
3.3.2.1 to 3.3.2.3. 

3.3.2.1. Optical switching efficiency 

If plane-polarised light is incident on a switch in 
the deflector which is not operating perfectly the emerging 
light will be slightly elliptically polarised, so that a fraction 
of the output will be coupled into an unwanted direction. 
Calling this fraction g, we can define the optical switching 
efficiency as (1 — g). The switching efficiency in large- 
aperture switches is impaired by natural birefringence, 
crystal inhomogenity, acoustic standing waves induced 
piezo-electrically, spatial non-uniformity of the applied 
field and departures from the correct half-wave voltage. 
The effect of poor switching efficiency is that light appears 
in the recording plane at positions other than the one 
addressed. In the present application, this produces cross- 
talk between the recorded holograms. The total amount of 
wanted light reaching the addressed position is proportional 
to (1 — ^) , for an A^ stage deflector with equal switching 
efficiency at each stage. Thus a quantity proportional to 
1 _ (•) —gY^ r~Ng (for ^-41 ) must stray into other positions. 
It may be shown that in a complete scan of the 2^ 
positions with a beam of constant input intensity, the total 
amount of unwanted light is distributed uniformly over the 
scan. Thus, in this case, we have an integrated total pro- 
portional to 2 Ng distributed over 2 positions, which 
clearly leads to an average amount per output position pro- 
portional to A''^. The ratio of wanted to unwanted light 
per output position is thus approximately given by 
[(%)"' -1]:1. To obtain a ratio better than 10:1 in a 7- 
stage deflector, for example, g must be less than 1-3%. 
One method of relaxing the tolerance on the switching 
efficiency is to add an extra stage to the deflector consisting 
of a fixed polariser preceded by a polarisation switch. The 
latter is cyclically switched so that the wanted light passes 
through the polariser but, simultaneously, the principal 
component of the unwanted light, which is always polarised 
orthogonally, is rejected. It can be shown that the average 
amount of unwanted light per output position is then 
proportional to (Ng)'^ 12. 

In the longitudinal form of switch, there is no natural 
birefringence for light incident normally on the (XY) faces 
i.e. propagating parallel to the optic axis (Fig. 7). However, 
for nom-normal incidence, a single crystal introduces bire- 
fringence which can rapidly reduce the optical switching 



efficiency. In a single-axis deflector application, using 
Wollaston prisms, there is a range of angles over which the 
light is incident at the various stages (except the first) but 
these angles are confined to one plane i.e. the plane of 
deflection. If the electric vector of the incident light is 
either normal to the deflection plane or lies in it, then the 
natural birefringence of the crystal with no field applied has 
little effect on the switching efficiency even for large angles 
of incidence. A proviso here is that the crystals must be 
accurately cut so that their optic axes also lie in the deflec- 
tion plane. When the crystal is in the 'switched on' 
condition, i.e. with the voltage applied, the crystal becomes 
biaxial and the induced birefringentaxes are ideally inclined 
at 45° to both the plane of polarisation of the incident 
light and to the deflection plane. A problem arises because 
the induced axes rotate from the ideal 45° orientation as 
the angle of incidence deviates from normality; further- 
more, there is a change in the amount of induced bire- 
fringence with angle of incidence for which it is difficult to 
compensate. 

1 7 

Billings has discussed the various possibilities of 
switch construction which could relax this kind of angle 
limitation. The most effective way is to reduce the crystal 
thickness, but this solution is limited in practice by the 
fragility of KD*P crystals and the risk of electrical break- 
down; minimum crystal thicknesses of about 2 mm are 
practicable. Another approach is to use two crystals of 
equal thickness with a fixed (i.e. passive) 90° polarisation- 
rotator sandwiched between them, as shown in Fig. 9. In 
order to prevent a nullification of the induced birefringence 
it is then necessary either to rotate the second crystal so 
that its X and Y axes are crossed (Fig. 9(a)), or to reverse 
the electric field in one of them as indicated in Fig. Q(b). 
A true 90° rotator suitable for monochromatic light can be 
realised with two half-wave plates (e.g. mica plates) in 
tandem but with their axes at 45°, as shown in Fig. 9(c). 

Similar compensation arrangements have already been 
mentioned in connection with transverse types of switch, 
where there is a large natural birefringence even at normal 
incidence. These switches are even more sensitive to 
variation in the angle of incidence. 

Deviations in the applied voltage from the correct 
half-wave voltage, V^ also impair the switching efficiency in 
the switched-on condition. For small deviations +AF 
from the required half-wave voltage 



(12) 



and this relation is shown in Fig. 10. The relative devia- 
tions in applied voltage (AF/F^) must be held to within 
±6-4% in order to maintain g<1%. Care must be taken 
also in the electrode design to ensure a spatial uniformity of 
applied field. 

3.3.2.2. Piezo-electric effects 

Perhaps the most troublesome feature of crystal 
polarisation switches, in a cyclical switching application, 
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Fig. 9 - Methods for improving the angular field in longitudinal designs of KD *P polarisation switches 
(a) crossed-axes arrangement (6) reversed-field arrangement (c) a passive 90 polarisation rotator 
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arises from the bulk acoustic wave motions induced by 
piezo-electric coupling. In longitudinal switches, it has 
been shown that standing shear-wave modes can be 
excited up to very high orders of resonance, with little 
diminution of amplitude in undamped crystals. The 
effect is to cause spatial and temporal variations in the 
effective birefringence over the aperture corresponding to 
the complicated mode patterns set up. 

The Equation {8(b)), derived earlier for the phase 
retardation in a longitudinal {Z-cut) design, contains the 
electro-optic coefficient r . However, if the crystal is not 
rigidly clamped and therefore allowed to strain mechanically 
via the piezo-electric effect, this coefficient is effectively 
increased and can be represented by 



relative deviation from half-wave voltage, 



Fig. 10 - Effect of deviations from the correct half-wave 
voltage on the switching efficiency of a KD *P deflector 

stage 



r^^=r,. +-q(oo) 



(13) 



where r^^ is the modified electro-optic coefficient in the 
strained state and Tjlto) is the added contribution due to 
strain. The contribution tjIw) can be relatively large at 
nodal areas when the angular frequency, to, of the applied 
voltage is such as to create standing shear-waves within the 
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crystal. The effective half-wave voltage (given by putting 
/■'gj in Equation (9)) then varies systematically over the 
crystal aperture according to the two-dimensional mode 
pattern set-up. From zero up to near the fundamental 
frequency (cOj ), the strain contribution gives a useful 
reduction in the half-wave voltage with substantial unifor- 
mity over the aperture. At higher orders of resonance, the 
spatial and temporal variations in V^ due to the mode 
pattern are troublesome in a multi-beam application. 



Fig. 1 1 shows the measured resonances of a Z-cut, 
25 X 25 X 6 mm, KD*P crystal; the ordinate values repre- 
sent the relative 'Q' of the various orders. The solid lines 
refer to the crystal with very loosely attached electrodes 
(i.e. virtually undamped condition), while the dashed lines 
refer to the same crystal with a 1 mm glass plate cemented 
to each face. Also shown in Fig. 1 1, by the arrows, are the 
expected frequencies of the resonances in an undamped 
crystal calculated from the following formula for a slab 
with XY faces of side d: 



w^ = 7rcr'v^ym[1 +8{n^m^r^ - ^6{■n*m*^^]'^' 



[m = 1, 3, 5, 7 etc.) 



(14) 



where co^ = 2n times the resonant frequency (order m) 
and v^ = the shear-wave acoustic velocity in the crystal; 
(v^„ = 1-626 km.s"' for KD*P). Equation (14) is 

'18 19 

derived from the theoretical shear-wave solutions for 
a slab with square {XY) faces. It will be seen from Fig. 11 
that the lower-order resonance frequencies are not precisely 
harmonically related to the fundamental (m = 1); the 
spacing between resonant frequencies becomes more con- 
stant as the order increases. In the partially clamped 
condition, it appears that the resonant 'Q' values are drama- 
tically reduced, especially of the higher orders and, also, 
the frequency of the fundamental is significantly increased, 
presumably due to a modification of the elasto-optic 
coefficient. 



[b] 



The basic parameter controlling the resonant fre- 
quency structure is the lateral size of the crystal, i.e. the 
dimensions of the [XY) face. There are, therefore, three 
principal methods which can be used to mitigate any 
undesirable piezo-electric effects. These are: 

(a) To select a crystal size such that the fundamental 
frequency is substantially higher than that of the 
switching waveform. 

(b) To select a crystal size such that the resonant 
frequency structure interleaves with the switching 
waveform spectrum. 



and (c) To rigidly clamp the crystal faces so that surface 
strain is prevented. 



(c) 



In the envisaged recording applications, crystal aper- 
tures not less than 18 x 18 mm are required in the deflector; 
this leads to a fundamental resonance frequency of about 
70 kHz. However, the required set of square-wave voltage 
waveforms have fundamental frequencies varying, in octave 
jumps, from approximately 16 kHz for the slowest stage. 



Fig. 12 - Performance of a KD *P polarisation switch as the 
fundamental (square-wave) frequency of the applied electric 
field is varied 
(a) 250 kHz (6) 125 kHz (c) 62-5 kHz 
Note waveform distortion in (c) due to piezo-electric resonance 
effects. 
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to 500 kHz for the fastest stage. Thus solution (a) above is 
not compatible with these requirements. Solution (c) 
would be ideal but it seems unlikely that clamping can 
completely suppress the lowest-order resonances, bearing in 
mind the high switching-voltages required. (In this respect 
it should be noted that the piezo-electric contribution in 
KD*P is lower than other crystals of this class, such as ADP, 

Thus, after 



I.e. r. 



r^^ is measured to be the lowest.) 



clamping the crystal as well as possible (e.g. by cementing 
glass plates to the surfaces) it is important to make sure that 
at each stage the crystal resonance spectrum interleaves with 
the applied voltage spectrum, at least over the lower orders. 

In a typical design situation, a square-wave type of 
voltage waveform is applied and its spectrum will consist of 
the fundamental and odd-order harmonics, with amplitudes 
weighted inversely by the order of the harmonic. The 
fundamental frequencies, however, vary from stage to stage 
in the deflector (octave steps) so that it may not be possible 
to find a common crystal size for all stages. This is illus- 
trated in Fig. 12, which shows the 'optical' switching 
responses obtained with an experimental crystal switch as 
the fundamental frequency of the applied square-wave 
voltage is lowered from 250 kHz in octave steps. It will be 
seen that, at the highest switching frequencies. Figs. 12(fl) 
and (i), the output is substantially free of piezo-electric 
coupling effects. At the lowest frequency. Fig. 12(c), 
coupling has occurred and the waveform is severely dis- 
torted. It is clear that for this stage the crystal face 
dimensions must be adjusted to improve the spectral inter- 
leaving. 




Fig. 13 - An experimental KD V polarisation switch for a 
digital light deflector 



3.3.2.3. Electroding 

Transverse switches can use thick metal plates 
either held in direct contact or cemented on to the trans- 
verse faces. A gold interface between plate and crystal is 
often used to prevent electrolytically formed surface de- 
posits and to reduce metal-ion migration, the plates usually 
form part of the support structure for the crystal. 

In longitudinal switches, a conflict arises between the 
need to have low-resistance electrodes and, at the same 
time, low optical transmission losses. If the switching 
waveform is unipolar and has a direct current bias, it is also 
necessary to form the electrodes directly on the crystal 
surfaces, in intimate contact, to prevent the build-up of 
charge barriers. An attractive solution is to deposit a 
layer of conducting tin-indium oxide directly on to the 
surface. Vacuum deposition using r.f. sputtering tech- 
niques can produce highly transparent oxide layers with 
resistances of several ohms per square.* Tin-indium oxide 
layers have high refractive indices (^2) and therefore need 
to be about one half-wavelength in optical thickness to 
eliminate reflection losses when the cell is finally immersed 
in an index-matching liquid or cement. The optical trans- 
mission is high in the red part of the visible spectrum but 
there can be up to two percent absorption in the blue 
region. In a seven-stage deflector with four electroded 
surfaces per stage, for example, a 2% absorption/reflection 

•Switch failures have been reported with this type of electrode, 
which is believed to be due to metal-ion migration into the crystal. 



loss per electrode means a total transmission loss of 
1-(0-98)^^ or about 43%, which makes the deflector rather 
inefficient. 

An alternative electroding arrangement suitable for 
the recording application, in which an array of 50 discrete, 
but parallel beams is to be deflected, is to use a ladder 
electrode grid. A grid of this type is seen in Fig. 13 which 
shows an experimental KD*P polarisation switch. The 
array of beams passes through the slots (1 mm wide) in the 
electrode and the slots are aligned with each other and with 
the deflection plane. The ladder grids are formed by 
evaporating metal through an open mask held in close 
contact with the crystal surface. The field is not so uni- 
formly distributed as with the conducting oxide layer 
but this is not serious if the crystal thickness is more than 
about three times the width of the slot. A greater disadvan- 
tage in this approach is the precision required in aligning 
the successive grid structures in the deflector and in the 
collimation of the input beams. However, if alignment is 
accomplished, the optical transmission is expected to be as 
high as that achieved in transverse designs. 

In a typical KD*P switch operating at a switching 
rate of 1 MHz, the average displacement current flowing 
through the electrodes is of the order of 100 mA, and the 
resistive power dissipation in the electrodes is therefore 
about 1 mW per ohm. At this switching rate, the effective 
electrode resistances should be kept below 10 ohms to avoid 
adding significantly to the heat generated by the dielectric 
loss (see below). 
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A further problem found with ladder grid electrodes 
when the crystal switch is driven with a unipolar voltage 
(fronn to V^ volts, for exannple), is a build-up of residual 
charge on the surface of the crystal in the gaps of the grid. 
This can cause a significant, unwanted electrical bias if the 
surface conductivity of the crystal is very low. An obvious 
remedy is to use bipolar switching with a zero direct-current 
component {—V^/2 to +V^/2) but this then requires an 
added optical retardation bias of 7r/2 radians, i.e. a quarter- 
wave (X/4) retardation plate combined with the switch. 
Another possible solution would be to increase the surface 
conductivity by using a suitable cement for the clamping 
plates or by evaporating an extremely thin coating of 
indium oxide overlaying the grid structure and gaps. 

3.3.2.4. Thermal effects 

Crystal switches are affected by temperature 
changes in a number of ways. Both natural and induced 
birefringences are functions of temperature because of the 
slightly different temperature coefficients for the ordinary 
and extraordinary refractive indices. Further, the elasto- 
optic constants vary slightly with temperature, so that piezo- 
electrically induced resonance structures may drift in fre- 
quency as the crystal becomes warmer. 

In a digital light deflector, some rise in crystal temper- 
ature is inevitable after switch-on partly due to power dis- 
sipation in the electrodes, as mentioned earlier, but mainly 
to heating within the crystal from dielectric losses. 

For KD*P the dielectric loss tangent is about 10~^, 
so that for a crystal switch working at a total reactive 
power of 100 W for example, there is an internal power dis- 
sipation of one watt. The dielectric power dissipation per 
unit volume can be reduced by using a thicker crystal but, 
in longitudinal switches, this advantage is offset somewhat 
by the longer interaction path. It appears that thermal 
effects limit the maximum switching frequency of wide- 
aperture crystals to about 10* transitions per second. 

3.3.3. High-voltage switches 

A number of possible switching configurations suit- 
able for square-wave operation of electro-optic polarisation 
switches (longitudinal form) were discussed by Lee,^° who 
also gave circuit details of a fast electronic switch. 

In an experimental longitudinal form of polarisation 
switch, the double-crystal approach, shown in Fig. 9(b), has 
been adopted in which the applied field direction is reversed 
in the second crystal. Using KD*P crystals, the switching 
voltage required is between 1-5 and 2-2 kV depending on 
the optical wavelength and the degree of deuteration, A 
2 kV electronic switch has been developed capable of 
operating at rates of up to 10* transitions per second. The 
complete circuit used is shown in Fig. 14; it is a modifica- 
tion of the one given by Lee and is described more fully in 
the Appendix. 

The output waveform obtained with the switch is 
shown in Fig. 15; the regular bumps in the trace are due to 
the mode of operation of the circuit and are entirely normal. 



Fig. 15- 
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Fig. 16 - Switch transition times as a function of the 
load capacitance 

Transition times are a function of the load capacitance, as 
indicated in Fig. 16, which shows the measured rise and 
fall times for a range of load capacitances. For a typical 
load of 22 pF, the transition times are approximately 
200 nanoseconds. 



4. Hologram page composers 

4.1. General considerations 

As mentioned previously, one of the main components 
of a holographic recording system is the page composer. 
This is an array of light modulators which intercepts an 
expanded laser beam and forms the set of digit beams to be 
recorded. A typical digit-beam pattern would be as shown 
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Thus an acousto-optic deflector, in addition to 
causing deflection, can produce modulation of the light. 
Furthermore because the acoustic waves travel through the 
medium with finite speed, there is a degree of storage in the 
material and thus, in theory, a series of acoustic signals can 
be sent, one after the other, corresponding to a set of light 
beams. These acoustic waves propagate across the inter- 
action aperture until each separate signal has reached the 
place corresponding to the light beam it is designed to 
modulate. At this instant the laser is flashed briefly, and 
each beam is modulated by the appropriate section of the 
composite acoustic wave; thus one modulator may control 
several beams. 

In practice, it would be difficult to achieve the 
required resolution to both modulate and deflect several 
beams at once. Even using 50 separate acoustic cells, there 
would be considerable problems with pulsing the laser at the 
high repetition rates involved. In addition the system 
becomes rather expensive and difficult to drive (some 100— 
200 watts of swept r.f. power would be required). 



Fig. 17 - A typical page-composer pattern of digit beams 
(~\ modulator positions CO' state) | randomly scattered 

> on lattice of 
W modulator positions ('1' state) I possible positions 

in Fig. 17, which represents an arbitrary 'page' of infor- 
mation containing 50 bits of binary data. 

The general requirements of such a page composer 
have already been outlined {see Section 2). First, it must 
be able to cope with a total input data rate of 100 IVIegabits 
per second; for a composer consisting of 50 individual 
modulator ports, each individual port must therefore 
operate at 2 Megabits per second. Secondly, it should be 
of reasonable optical quality. Although the page composer 
would probably be followed by a spatial filter to reduce the 
effects of scattered light, any reduction of optical quality 
will lead to a corresponding reduction in optical efficiency. 
Thirdly, it should not be expensive and should be easy to 
drive with electrical signals. 

There are many ways of modulating a light beam, but 
just as with the deflector, two of the possible methods are 
superior to the others. They are the acousto-optic and the 
electro-optic methods; the basic properties of both these 
methods are the same as those discussed in the context of 
deflection. 

The acousto-optic method uses the device already 
shown in Fig. 3 and discussed in Section 3.2.1. The 
deflection of a light beam passing through an acousto-optic 
cell is a function of the frequency of the acoustic wave; in 
addition, the intensity of this deflected beam is a function 
of the amplitude of the acoustic wave. The expression 
relating the light intensity (/ ) emerging from the cell to 



the incident light (/J and acoustic wave power (/"ac) 



For the above reasons it seems preferable to use 
variable birefringence electro-optic methods for the modu- 
lators. If an electro-optic polarisation switch (see Section 
3.3.2) is sandwiched between two crossed polarisers, the 
combination forms an intensity modulator, as shown in 
Fig. 18. Under these conditions, with no applied voltage, 
the light beam is blocked by the relative orientation of the 
two polarisers. When an electrical signal is applied, the 
polarisation switch rotates the polarisation of the light 
through 90° so that it is then parallel to the axis of the 
second polariser and is therefore transmitted. 

4.2. Electro-optic materials 

There are many different electro-optic materials which 
can be used to make a modulator. Crystals which 

exhibit a linear (Pockell's) electro-optic effect are, for 
example, the ammonium dihydrogen phosphate (ADP) 
series already mentioned. These have good optical pro- 
perties but the voltage drive requirements are high when 
used in the longitudinal mode. When used in the transverse 
mode for single-beam applications the half-wave voltages 
can be greatly reduced (100V to 300V instead of 4kV for 
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where k^ and k^ are constants. 



Fig. 18 - A single electro-optic modulator arrangement 
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KD*P), but two crystals must be used to compensate for 
the large natural birefringence (see Fig. 8{b)). 

Other crystal materials such as lithium niobate, 
lithium tantalate and potassium tantalate-niobate are diffi- 
cult to grow in the optical quality required and can be 
subject to damage in high intensity optical beams. How- 
ever, they do have good electrical sensitivity. 

There are also liquids such as nitrobenzene. Nitro- 
benzene is, however, highly toxic and requires electric fields 
of at least 35 MV/m; at these high fields, the liquid must 
be extremely pure to avoid trouble due to conductivity. 
Further, being liquid, there are problems with thermal con- 
vention currents. From an engineering point of view, solid 
interactive media are generally preferred. 



material, domains which are charged in a given direction. 
On a macroscopic scale, however, the random orientation 
of these domains causes no net charge to be present on the 
surfaces of the ceramic; this is referred to as the depoled 
state. When an electric field is applied the domains which 
are favourably oriented grow at the expense of the others 
and the material absorbs charge. 

The charge density versus applied field characteristic 
shows a hysteresis loop due to this domain activity; the 
average relative permittivity is also high (in the region 2000 
to 5000). The most common materials have a Zr/Ti ratio 
of 65/35. In these materials, if the percentage doping of 
La is less than about 8 atomic percent the hysteresis loop is 
square in shape. The material is therefore capable of 
storing information in an analogous way to a ferrite ring. 



Finally there are the electro-optic ceramics such as 
PLZT, which is an inexpensive, hot-pressed material. In 
contrast to the crystal materials, which have to be cut in a 
particular plane and used in a particular orientation, PLZT 
has no preferred direction. Moreover, for the high- 
lanthanum materials to be discussed later, the individual 
particles are of cubic crystallographic structure in the 
'depoled' state. This means that the material is optically 
isotropic in the absence of an electric field and therefore 
has no natural birefringence. PLZT does have some dis- 
advantages. It has hysteresis in its voltage/birefringence 
characteristics and it is not optically perfect (it is slightly 
translucent), but the imperfections are slight in well-polished 
thin slices. PLZT is, however, more sensitive than most of 
the crystal materials* and it is easier to fabricate electrodes 
on PLZT, as the ceramic does not dissolve in the dilute 
acids and organic solutions used. 

For these reasons, viz. sensitivity, cost and ease of 
handling, PLZT was selected as the most suitable material 
for constructing an experimental 50-port page composer. 

4.3. Characteristics of PLZT 

PLZT is the name given to a family of electro-optic 
ceramic materials; the initials stand for lanthanum-doped 
lead zirconate-titanate. The material is a solid solution of 
lead titanate in lead zirconate, formed by hot pressing a 
mixture of lead, titanium and zirconium oxides. Small 
amounts of lanthanum oxide added to the original mix 
significantly affect the final properties of the ceramic. The 
material is non-absorbing in the visible spectrum, hard and 
very brittle; it is normally used in thin slices which are 
optically polished, and then mounted on a suitable substrate. 
The refractive index is high (up to 2-7) so that anti-reflection 
coatings are necessary for high transmission efficiency. 

PLZT, is, in most of the common forms, ferroelectric 
(but see below and Ref. 22). This is analogous to the ferro- 
magnetic properties of iron in that there exist, in the bulk 



The transverse electro-optic coefficient (change in refractive index. 
An) for PLZT, from Reference 22, is p-0166 m^lC^. This is 



As the temperature is raised, the hysteresis loop 
closes up until the PLZT enters a 'slim-loop' condition: the 



PLZT surface 





metal 
electrode "1 



ght beam 




metal 
electrode 2 



from Reference 22, 
equivalent to about 0-015 x 10~ 
constant of PLZT. 



m /V using the dielectric 



Fig. 19 



Electrode arrangement for a single modulator 
on PLZT 



(PH-166) 



23 



temperature at which this gradual transition talces place is 
decreased as the lanthanum content is increased. When 
the lanthanum content is more than 8-5 atomic percent, the 
PLZT is In its slim-loop condition at room temperature. In 
this condition the material is non-ferroelectric in the absence 
of an applied electric field (see Ref. 22). This non-ferro- 
electric state becomes meta-stable below the slim-loop 
transition temperature band and can exist until the first 
application of an electric field. Thus, for a low-lanthanum 
material the so-called thermally — depoled and electrically — 
depoled states are not the same. 

Light modulation may be achieved in two ways. The 
first is by using the electrically-variable scattering properties 
of low-lanthanum PLZT. ' For the application con- 

sidered here, low-lanthanum PLZT is of little use because of 
the amount of heat generated by excursing the large 
hysteresis loop. The other way of achieving modulation is 
by using the variable-birefringence electro-optic effect. 
Metal finger electrodes are deposited on one side of the 
PLZT as shown in Fig. 19. Applying a voltage between the 
fingers causes a field, ^, to be produced in the PLZT. This 
in turn causes the material to become birefringent. The 
birefringence is dependent on the orientation of the domains 
and is thus related to the absorbed dielectric charge field, 
D. The relationship is 



These equations do not take into account the variation 
in charge density over the gap, but nevertheless they give an 
indication of the shape of the characteristic obtained. It 
will be seen from Equation (16) that the electro-optic 
behaviour is quadratic (Ker.r effect). Because D is related 
to the applied voltage by a hysteresis characteristic, a plot 
of /j versus V, the applied voltage, shows a similar relation- 
ship to Equation (18), but with hysteresis superimposed. 
The characteristics of several samples of PLZT rpaterial 
were measured on an oscilloscope and some of the results 
are shown in Fig. 20. This shows the light output (J'-axis) 
as a function of the applied voltage (X-axis; centre of screen 
is zero volts). Fig. 20(a) shows the transfer function of a 
high-lanthanum (9%) material; there is a moderate amount 
of hysteresis and the half-wave voltage is approximately 
180V. Fig. 20(Z)) shows the response of a lower-lanthanum 
(8%) material with the same electrode geometry. The 
material is much more sensitive but the hysteresis is so 
great that the trace is very confused and it is not possible 
to define a unique half-wave voltage; the material also 
saturates at high fields. 

The sensitivity of PLZT reduces as the lanthanum 
content, or the temperature, is increased. The 9% La 
material represents a good compromise between low 
hysteresis and high sensitivity. 



An = k^D^ 



where An is the birefringence and k^ is a constant. The 
intensity of the emerging light is related to the birefringence 
by 



^2 =^2^ smUk^An) 



where /^ is the incident intensity and k^ and k^ are con- 
stants. 



Thus, from Equations (16) and (17), 



/,=V,sin^(^,^^' 



(16) 4.4. Design of electrodes 

Because PLZT has a high dielectric constant, each 
modulator gap may have a significant capacitance which 
presents a load on the driving circuits. The way to mini- 
mise this capacitance is to reduce the volume of PLZT 

(17) driven by the applied field, which means small electrode- 
dimensions and the use of lenses to focus the light beam so 
that it passes through the small modulator gap. Unfortun- 
ately, as the gap between the electrodes is made narrower 
so the penetration depth of the fringing field in the PLZT 
is reduced. This effect is shown in Fig. 21, where the 
calculated field strength in the middle of the gap is plotted 

(18) as a function of distance below the electroded surface (see 




{a) 



(b) 



Fig. 20 - Hysteresis ciiaracteristics of PLZT 
ia) Linear material (9% La) (6) Storage material (8% La) 
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inset diagram) for a 40 jim gap and for a 100 )im gap. 
This can lead to inefficient use of the PLZT slice. Calcu- 
lations indicate that there is a broad range of optimum gap- 
dimension centred on one third to one half of the thickness 
of the PLZT slice. For a slice 180/Lim thick, the optimum 
gap is therefore between 60 /nm and 90 /nm. 

For the smaller gap dimension, further calculations 
show that the width of the electrodes should be at least 
twice the gap dimension to ensure maximum field at the 
centre of the gap for a given applied voltage. This may be 



seen from Fig. 22, which shows the relative field strength at 
the gap centre (near to the electroded surface) as a function 
of the distance from the gap centre. 

Measurements taken for different modulator-electrode 
dimensions tend to confirm the calculations for half-wave 
voltage. In particular it is found that increasing the ratio 
of the electrode width to the spacing (gap) from 1:1 to 2:1 
decreases the half-wave voltage by about 15%. Further 
increases only reduce the half-wave voltage by a maximum 
of 5%. 
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Fig. 22 - Variation of field along the surface of the PLZT modulator 
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Fig. 23 ■ Normalised fialf-wave voltage as a function of 

electrode spacing (i.e. gap) for a 180 iim thick slice 

ofPLZT 

The effect of increasing the electrode spacing is shown 
in Fig. 23, where the relative half-wave voltage is plotted as 
a function of the gap dimension; the solid curve was 
calculated and the open plot points are measured values. 
It is seen that the agreement is fairly close. The values of 
inter-electrode capacitance for each modulator, however, are 
four or five times higher than the 7 pF predicted. An 
explanation of this is given in a later section. 

Thus the optimum modulator electrode dimensions 
for a slice of PLZT 180 fim thick are: spacing 60 /im, 
width 120 /im. In practice, the corners of the electrodes 
are rounded thus reducing the area of uniform field inside 
the PLZT. Because of this, and because of the difficulty 
of keeping a beam of light centred on the gap, the electrode 
width used in prototype modulators was increased to 
250 /im. 

4.5. Switching performance of PLZT 

Square waves of different frequencies were used to 
drive prototype PLZT modulators. The modulator output 
(i.e. light intensity versus time) for a range of drive fre- 
quencies are typically as shown by the oscilloscope traces 
in Fig. 24; in each picture the upper trace refers to the 
applied voltage and the lower to the light intensity at the 
output. It will be noticed, from the overshoot effect on 
the traces, that there is a change in the sensitivity with time 
of application of the driving voltage; in fact, this change 
amounts to an increase in sensitivity and it is not clear why 
this should be. One possible cause is a field-assisted thermal 
drift of domain walls after the initial rapid change caused 
by application of the driving voltage. However, over a 
reasonable frequency range, the performance is fairly con- 
stant. Contrast ratios of 100:1 or more are obtainable with 
transition times of about 100 ns. Good contrast ratios can 
be obtained largely because of the excellent 'off state of the 
modulator which arises from the absence of natural bire- 
fringence combined with the quadratic electro-optic law. 

As the driving frequency is increased, a point is 
reached at which the sensitivity falls off abruptly. This 



reduction in sensitivity is probably due to internal heating 
as the ceramic is cycled around its hysteresis loop. To 
check this hypothesis, the ceramic was driven with a multi- 
burst waveform as shown by the series of oscilloscope 
traces in Fig. 25. By varying the repetition rate of this 
Waveform, the average number of transitions per second 
could be altered without changing the multiburst spectrum. 
The results show that short bursts of 1 MHz modulation can 
be obtained with no loss of sensitivity when the average 
transition rate is low (low repetition rate of multiburst). 
Further, there is very little difference in the relative response 
of the PLZT to the difference component frequencies of the 
multiburst even when the general level of sensitivity has 
fallen considerably at the high repetition rate (see the 
results at 10* transitions per second, for example). 

To obtain some idea of the degree of the internal 
heating, a further experiment was tried. The average trans- 
ition rate was kept constant (at about 60 x 10^ per second) 
and the temperature of the substrate was then increased by 
external means. The drop in light output for a temperature 
increase of 40°C was then measured as only 20%. In order 
to account for the 50 or 60% drops previously measured at 
the 10* transitions per second rate, it is estimated that the 
temperature rise in the gap must be of the order of 100°C. 

A 2 Megabit per second, NRZ, data stream has 10* 
transitions in level per second, on average.* The 50% drop 
in light level obtained at this rate is not as serious as it 
might seem because the no-voltage or 'off condition is 
unaffected and the contrast ratio is still very good: there- 
fore, provided the signal-to-noise ratio on replay of the 
optical recording is adequate, the information can still be 
recovered. 

Nevertheless, an investigation was carried out to see if 
there were operational methods of reducing this fall in 
sensitivity at high average transition rates. One possible way 
would be to servo the light level after modulation and con- 
trol the laser power or modulator drive-voltage to compen- 
sate for reduction in modulator efficiency. This method is 
rather complicated, although it may be worth considering if 
sensor arrays become sufficiently inexpensive. A better 
way, perhaps, would be to reduce the degree of heating in 
the PLZT. The heating is extremely local; mounting the 
PLZT on a metal backing plate did not reduce it signifi- 
cantly; this is probably because the majority of the tem- 
perature gradient occurs in the thickness of the PLZT itself. 
Reducing the thickness of the PLZT may help, as may 
further improvement in PLZT compositions or manufac- 
turing techniques. 

One method of doubling the frequency range of the 
PLZT is to reflect back the light by means of a mirror 
placed close to the far side. The light then passes twice 
through the gap and the half-wave voltage is reduced to 
about 71% of its former value (the birefringence is quadratic 



This assumes a probability of 50% that successive bits are of 
opposite sign such as would be obtained with a random noise 
signal input. Work by C.K.P. Clarke of this Department has shown 
that, for a television signal, the probability is usually lower than 
this. 
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Fig. 24 - Response of PLZT modulator to square-waves of various fundamental frequencies, as indicated 
(a) 10 Hz ib) 100 Hz (c) 1 kHz W) 10 kHz (e) 100 kHz (/) 1 MHz 
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Fig. 25 - Response of PLZT modulator to a multiburst waveform with various repetion rates 
(a) 64x10 transitions per second (6)125x10 transitions per second (c) 250x10 transitions per second 
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(e) 10 transitions per second 



with applied field). The heating is thus halved and the 
frequency range effectively doubled. The drop in sensi- 
tivity at the 10* transitions per second rate would be 
reduced to only 10—20% using this reflection mode. 

The heating effect is marginally less for smaller 
electrode spacings than that deduced in the previous section. 
This is perhaps because of the smaller volume of PLZT 
heated; the ratio of surface area to volume increases with 
decreasing size, thus making heat losses proportionately 
greater but this is offset by the greater field strengths inside 
the smaller volume. 



Some authors have reported fatigue failures of PLZT. 
Tests we have carried out on a prototype modulator showed 
that after more than 4 x 10^' switching operations the 
characteristics were unaltered. This could be because the 
size of the modulator is so small that any piezo-electric 
effects can be absorbed by the surrounding volume. 



(a) 



Due to the high refractive index of PLZT, light cannot 
pass through a thin slice at an angle (to the normal) of 
greater than about 25°. Thus there is very little variation 
in half-wave voltage as the angle of incidence is changed; 
tests on prototype devices showed that, if there was any 
such variation, it was below the level of the small variations 
normally found between one area and another on the slice 
(approximately 10%). 

One unwanted characteristic of PLZT is a slight 
photoconductivity. This is not so severe as to load the 
driving circuits but produces the situation illustrated in 
Fig. 26, which shows the equivalent circuit of an illumi- 
nated modulator gap. The illuminated portion of the gap 
has a higher conductivity than the rest. 

The effect on the modulator output is shown in Fig. 
27, where a switching waveform with high mean voltage is 
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F/g. 26 - Mechanism of photoconductive degradation 
of PLZT modulator performance 
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Fig. 27 - Effect of photoconductivity in PLZT: the 
modulator response to a waveform with a high 
direct-current component 

(a) at initial switch-on 

(b) after 5 minutes operation without liglit passing through the gap 

(c) after 5 minutes operation with light passing through the gap 
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F/£/. 28 - Measured decay of mean voltage in PLZT due to photoconductivity, as a function of light intensity 

in the gap, for two optical wavelengths. (Duration of measurement = 5 minutes) 

X X— Blue light (\= 442 nm) 9 — Red light (\ = 633 nm) 



applied. The traces in Fig. 27(fl) and 27(b) show that, 
without light passing through the gap, for any significant 
period, the modulator response is unchanged. Fig. 27(c) 
shows that, with light passing through the gap for some 5 
mins, the average level of the field across the illuminated 
region of the PLZT has decreased, giving rise to a corres- 
ponding decay in contrast. This decay has been measured 
as a function of light power for different optical wave- 
lengths. The results are shown in Fig. 28 where the effect 
is seen to be much greater with blue light. 

There are several solutions to this problem. One is 
the use of bias lighting to swamp the effect of the laser 
beam but, unfortunately, this requires very high levels of 
bias lighting. Another is to defocus the laser beam so that 
it covers the whole gap; this lengthens the time constant 
considerably (by a factor of at least 20 for a spot diameter 
of 4/3 the gap width) but also decreases the transmitted 
light. This is the simplest method and is suitable for 
applications where the optical efficiency of the modulator 
Is not required to be very high. 



The best solution is to drive the PLZT with a wave- 
form of effectively zero average d.c. content. This can be 
achieved by using a three-level driving waveform as shown 
in Fig. 29(fl). Alternatively, the 'earth' electrode potential 
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Fig. 29 - Possible coding methods to reduce the effect 
of photoconductivity 
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can be periodically alternated between true earth and the 
half-wave voltage as in Fig. 29{b). In the case of a digital 
television signal, this switching could be carried out during 
field blanking or even line blanking if the photoconductive 
effect is very large. The recorded signal, and hence the 
replay arrangements, would be unaffected. 

4.6. Multiport configurations 

Hitherto, only one nnodulator port has been con- 
sidered. When there are several ports on a single slice of 
PLZT more problems arise. The first of these is finding 
a good method of focusing many beams onto a registered 
pattern of electrodes. This can be done by using a 
'hololens'; consisting of a hologram of the desired pattern 
of focused spots. When a coherent light beam is passed 
through the hololens it can be made to form a real image 
of the desired pattern. If the hololens is a thick phase 
hologram, optical efficiencies can theroetically be 100%. 
Unfortunately, very high efficiencies are difficult to realise 
in practice. 

Alternatively an array of phase zone-plates can be 
used. Experimental phase zone-plates, made using photo- 
resist and a linear developer, yielded optical efficiencies of 
about 30%. 

Another possibility is to assemble an array of small 
lenslets. Moulded acrylic lenses, for example, are relatively 
inexpensive and they can be ground square for more effi- 
cient packing. With this solution the principal difficulty 
is registering the optical axes of the lenslets with the 
corresponding electrode gaps. 

Another problem, when there are many modulators on 



a single slice, is crosstalk between adjacent modulator gaps 
due to the high dielectric-constant of the PLZT. One 
solution is to keep the lead-in conductors short and well 
separated, and another is to shield them from each other 
by means of earthed conductors. Where this is not possible, 
however, or where it would lead to large stray capacitances 
it is possible to use a more sophisticated technique; this is 
to run the lead-in connectors to the gaps over a 25 ^im 
thick dielectric layer (of low dielectric constant) applied to 
the PLZT surface by conventional screen printing. The 
dielectric Is laid down such that it contains a pattern of 
holes, as illustrated in Fig. 30, which refers to an experi- 
mental 8-port design. Because of the limited resolution of 
the screen printing process, and the viscosity of the ink, the 
sides of the holes are gently sloping. The conductors run 
down the sides of the insulating layer and make electrical 
contact with the modulator electrodes, which are within 
the holes in intimate contact with the PLZT. 

Because the lead-in connections are on the dielectric, 
which has a low relative permittivity, they are well isolated 
from each other. This reduces the crosstalk from adjacent 
interconnections considerably. The crosstalk in an experi- 
mental 8-port modulator (see Fig. 30) was measured by 
driving seven of the ports with the same waveform (Of peak 
value equal to the half-wave voltage) and measuring the light 
modulation by the remaining port with its driving circuit 
disconnected. The crosstalk was below the electrical noise 
level and therefore difficult to measure precisely but was 
estimated to be —30 dB to —40 dB with reference to the 
signal level obtained when the port was driven. For com- 
parison, the corresponding figure for an earlier modulator 
having no dielectric overlay was only —10 dB. This was in 
spite of a reduced lead-in connection length (the lead-in 
connections were only 20% of the length used in the 8-port 
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Fig. 30- Construction of an eigtit-port modulator using dielectric insulation for the lead-in connectors to reduce crosstalk 
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Fig. 31 ■ A driver circuit for a PLZT modulator 
-32- 



design) and a reduced number of driven ports (only one 
port driven instead of seven). 

A beneficial side-effect of this fabrication technique 
is the reduction of the load capacitance per modulator port. 
Originally, a major part of this capacitance w/as, in fact, due 
to the interconnections; isolating these reduced the capa- 
citance from 35 pF to 22 pF (average). Further reduction 
might result from decreasing the size of the holes in the 
dielectric to the point at w/hich the field in the gap begins 
to be affected. Thus the theoretical results of Section 4.4 
may be a realistic estimate of w/hat can eventually be 
achieved. 

The electrodes themselves must be capable of with- 
standing considerable stress, (pulses of about 500 mA are 
present when the gap is being switched). Thin evaporated 
aluminium electrodes were tried but these eroded quickly 
with use (after approximately 1/2 hr. at the maximum 
switching rate the electrodes were useless). 

A superior method was developed in which the whole 
of the PLZT was first coated with a thin layer of aluminium 
bronze. This was then coated with photo resist and the gap 
electrode pattern formed by exposure through a mask and 
subsequent development. The exposed areas were then 
electro-plated to the required thickness with copper. When 
the resist is removed the substrate is dipped into a suitable 
etch (mixtures of HCl and FeCL have been used with fair 
success) which removes the thin film of bronze where it is 
not covered by the copper. This leaves a relatively thick 
(5/im) electrode structure which can be soldered to easily 
if required. 

4.7. Suitability of PLZT for use in a holographic 
recorder 

PLZT meets all the requirements for a page composer 
for a holographic recording system using up to 100 bits per 
page. The basic material is relatively inexpensive, sensitive 
and of reasonable optical quality. The frequency range is 
just sufficient to record a 2 Megabits per second data stream 
per modulator port in the straight-through mode but with 
reduced optical efficiency. With a reflection-mode modu- 
lator, the optical efficiency is substantially restored, for 
this data rate. 

The driving circuits are simple; a typical circuit is 
shown in Fig. 31. This circuit has a low power dissipation 
especially when the load capacitance is reduced by isolating 
the lead-in connections. The one troublesome defect, that 
of photoconductivity, can be overcome with a simple 
change of driving circuit to eliminate the long term direct- 
current components of the voltage waveform. A page 
composer, having a two-dimensional array of 100-ports, can 
be accommodated with negligible crosstalk on a 50 mm 
diameter slice of PLZT, complete with lead-in connectors. 



ment, for an initial study, involves a line-by-line format of 
50-bit holograms and single-axis deflectors with resolutions 
of at least 120 spots for both the replay and recording 
processes. 

For the recording process, a digital light-deflector 
seems to be the most promising solution for systems with 
recording apertures less than //2-8. It is concluded that a 
seven-stage digital light-deflector comprising KD*P polaris- 
ation switches and Wollaston prisms would be feasible for 
maximum writing rates up to 2 holograms per microsecond 
with a total beam deflection of 8 degrees. This permits a 
line of 128 holograms (each subtending 1/16 degree at the 
focusing lens) to be recorded in 64 microseconds. The 
transitional time between spots is limited, at present, to 
about 200 nanoseconds by the high-voltage circuits driving 
the polarisation switches. Thus, at the maximum writing 
rate, the actual 'dwell' time is about 60% of the available 
exposure time. This aspect could improve significantly 
if better transistors become available for the high-voltage 
switches. 

In the reading or replay mode, where a continuous 
motion of the interrogating spot is acceptable, an acousto- 
optic deflector is recommended and fully-engineered forms 
are, in fact, available commercially. An additional acousto- 
optic deflector may prove to be useful for automatic track 
registration. 

In terms of a modest number (several tens) of bits per 
hologram page, there are a number of feasible solutions 
including a stack of discrete, low-voltage crystal modulators 
(e.g. KDP). As the number of bits per hologram page 
increases (greater than 50, say), methods using a photo- 
fabricated array of modulator ports on a single slice of 
electro-optic ceramic becomes more attractive (and certainly 
less expensive). PLZT ceramic operated in the slim-loop 
condition (9% lanthanum) is a suitable material for channels 
working at a data-rate up to two Megabits per second. 
Switching times of 100 nanoseconds and on/off contrast 
ratios of 100:1 are typical. Although there are difficulties 
associated with hysteresis, photoconductivity and heat 
transfer these can be overcome with proper design and 
operation. No evidence of material fatigue has been 
observed in experimental PLZT switches. A disadvantage 
of this approach is that the incident light has to be focused 
into the individual modulator ports if good optical efficiency 
is to be achieved in the device. This requires a correspond- 
ing array of external optical components which need very 
precise registration and alignment. 

Further developments of both page composers and 
deflectors will depend on the assessment of the results of 
actual writing experiments using partly engineered versions 
of these devices in an experimental recorder. Most of the 
future effort relating to modulators and deflectors is expec- 
ted to be concerned with methods of improving their 
optical efficiency. 



5. Conclusions 

The various trade-offs between the system parameters 
are outlined in Section 2. A suggested recording arrange- 
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Appendix 



Description of 2 kV switch circuit 



Referring to Fig. 14 (under Section 3.3.3) a series of 
charge drive-pulses is applied to the bases of transistors 
TR1 to TR6 to produce an output of 2 kV; the transistors 
are turned on by the pulses and remain on, in the interval 
between pulses, due to charge storage. To switch the out- 
put to earth the pulses to TR1 to TR6 are inhibited and 
pulses are sent to the other output transistors (TR7 to 
TR12). The resistors and capacitors across the output 
transistors are used for equalising the static and dynamic 
loads of each transistor. 



The transformers are single turns of thin insulated 
wire on an FX2249 core; the use of these cores (larger in 

9 

cross-sectional area than the toroids used by Lee ), 
reduces saturation effects in the ferrite and decreases pre- 
driver power dissipation by about an order of magnitude. 
Interwinding capacitance is 2-5 pF and the windings break 
down at 5 kV. 

Because the load on the output is greatest when the 
output changes state a modulated charge drive is used. By 
this means, the first charge drive-pulse of a series is made 
larger than the rest. Independent adjustment of each pulse 
amplitude means that the charge storage in each transistor 
lasts only as long as the interval between pulses (1^ sec); 
this in turn makes the efficiency of the circuit as high as 
possible. In practice the amplitudes are easy to set and 
remain stable with use. 

The matching balanced transformers in the pre-driver 
circuit (T7 and T8) perform two functions. One is to 



match the output impedance of the pre-driver to the input 
impedance of the output stage; the other is to provide a 
balanced path, (via the two secondary resistors) for the 
current flowing in the primary/secondary capacitances of 
the FX2249 transformers. Failure to allow this balanced 
path causes all the current, induced by a change of output 
state across the interwinding capacitance, to flow to the 
150V supply via the FX2249 transformers. This is equiva- 
lent to a small charge drive-pulse and it is possible to turn 
on both sets of output transistors, greatly increasing the 
power dissipation. 

The power requirements are dependent on load but 
with a typical load of 22 pF the current drawn from a 1-6 
kV EHT supply was measured as 50 mA at the maximum 
switching rate of 10* transitions per second. The pre- 
driver current was 30 mA at this switching rate and the 
current drawn from the ±15V and 5V supplies was insignifi- 
cant. 

The large power dissipation in the output transistors 
at high switching rates (approximately 8W each at maxi- 
mum) means that forced liquid cooling must be employed 
for the fastest stages. A circulating oil system was used in 
the prototype, but alternative techniques may reduce the 
power dissipation to a level at which forced air cooling is 
possible. Examples of such techniques are, sharing the load 
between two sets of KD*P crystals and drivers (which in- 
creases the number of optical components but halves the 
power required from each driver) and tuning the load 
(which greatly reduces driver power but at the expense of 
circuit flexibility and output waveform). 
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